Because cells are sensitive to mechanical forces, weightlessness might act on stress-dependent cell changes. We hypothesized that the integration of environmental factors might induce specific cytoskeletal architecture patterns, characterized by quantitative image analysis. Human breast cancer cells MCF-7, flown in space in a photon capsule, were fixed after 1.5, 22, and 48 h in orbit. Cells subjected to weightlessness were compared with 1g in-flight and ground controls. Postflight, fluorescent labelings were performed to visualize cell proliferation (Ki-67), signal transduction (phosphotyrosine), three cytoskeleton components (microtubules, microfilaments, and intermediate filaments), and chromatin structure. Confocal microscopy and image analysis were used to quantify cycling cells and mitosis, modifications of the cytokeratin network, and chromatin structure. In weightlessness, phosphotyrosine signal transduction was lower, more cells were cycling, and mitosis was prolonged. Finally, cell proliferation was reduced as a consequence of a cell-cycle blockade. Microtubules were altered in many cells. The perinuclear cytokeratin network was more loosely 'woven', and chromatin structure was modified. The prolongaion of mitosis can be explained by an alteration of microtubule self-organization in weightlessness, involving reaction-diffusion processes. The loosening of the perinuclear cytokeratin network and modification of chromatin distribution are in agreement with basic predictions of cellular tensegrity.
and transcription, but each cell component must also be in the right place at the right time. The location of cellular components at any time depends on the integrity and spatial organization of the cytoplasmic cytoskeleton (microtubules, MT; microfilaments, MF; and intermediate filaments, IF) and the nucleoskeleton. For example, MT and MF are thought to be involved in mRNA localization before translation (3) . The position of the nucleus inside the cell depends on the IF network (4) . The nucleoskeleton or nuclear matrix, including IF lamins and other scaffold proteins, participates in the regulation of gene activity (5) (6) (7) (8) (9) . Conversely, the integrity and the three-dimensional (3D) organizations of cytoskeleton and nucleoskeleton filaments depend on gene activity.
The organization of the nucleo-and cytoskeletons is regulated by soluble extracellular signals, as well as cell-cell and cell-extracellular matrix (ECM) interactions via the initiation of biochemical and/or mechanical signaling (1, 10) . Tensegrity architecture (11, 12) has frequently been used as a conceptual paradigm for cytoskeleton mechanics and mechanotransduction. Coiled-coil structure and viscoelastic properties of IF (13) , especially of cytokeratins (14) , suggest that IF may be the best candidates, among other components of the cytoskeleton, to ensure structural and mechanical transduction of signals from the environment (15, 16) . We postulate that the integration of both biochemical and mechanical signals might induce specific cytokeratin-architecture patterns. These patterns can be characterized by quantitative imageanalysis features that have previously been described by our group (15) (16) (17) (18) .
This study aims to investigate the role of gravity in signal transduction across the cytoskeleton to the nucleus. According to our hypothesis, gravity was considered as an external force and, depending whether it was applied (1g ground controls or 1g centrifuge in-flight controls) or not (weightlessness, abbreviated by µg), the spatial organization of the cytoskeleton would be modified and, consequently, so would the cell physiology. Thus, a spaceflight experiment offers the best opportunity to address the existence of a relationship between the architecture of the cytoskeleton components (MT, MF, and IF), signal transduction and cell proliferation.
Results from previous experiments suggested that weightlessness influences cellular functions such as proliferation (19) (20) (21) , signal transduction (22) (23) (24) and gene expression (25) (26) (27) . From those results it could also be inferred that the observed changes depended on the cell type studied and the signal-transduction cascade involved: Free-floating T lymphocytes had a lower mitogenic response, whereas cells attached to a substrate proliferate more (reviewed in ref 19) . Moreover, the cytoskeleton was affected by weightlessness. Osteoblasts, lymphocytes, promyelocytes, and neurons cultured in weightlessness show cytoskeleton reorganization (bundles and condensed filaments), especially for MF and MT (28) (29) (30) (31) . In vitro experiments showed that the macroscopic self-organization of MT into stationary macroscopic patterns was gravity-dependent and that the patterns corresponded to different MT orientations (32, 33) . On the basis of those observations, several different pathways could be involved to explain how gravity, or weightlessness, might affect cytoskeletal organization and cell proliferation.
The first hypothesis was that gravity would interact directly on reaction-diffusion processes, as demonstrated by Tabony and co-workers for MT (32, 33) : in weightlessness, MT did not selforganize normally into stationary macroscopic patterns corresponding to different MT orientations. Thus, the orientation of elongating MT could be modified in MCF-7 cells subjected to weightlessness. This effect could affect, for example, the assembly of the mitotic spindle. Finally, cell proliferation would be altered as a result of MT changes alone.
The second hypothesis was that weightlessness would affect cell morphology and cell spreading in a more general way, and thereby modify several signaling pathways: signal transduction leading to cell proliferation; cytoskeleton architecture and tensegrity; nucleoskeleton and chromatin distributions; and gene expression.
These two hypotheses are not mutually exclusive. In our experiment, we combined immunofluorescence, confocal microscopy, and image analysis to study cell proliferation, phosphotyrosine (PTyr) signal transduction, cytoskeleton architecture, and chromatin structure of breast cancer cell line (MCF-7) subjected to 48 h of weightlessness compared with gravity (1g in-flight centrifuge and ground controls). To the best of our knowledge, very few studies have been conducted on cellular architecture under weightlessness by using quantitative image analysis.
MATERIALS AND METHODS

Hardware
We performed the experiment in the IBIS instrument (Instrument de Biologie Spatiale) developed by the CNES (French Centre National d'Etudes Spatiales) and manufactured by COMAT (Toulouse, France). IBIS was designed to function in fully automatic mode in recoverable space capsules like the photon module (TsSKB-Progress, Samara, Russia). IBIS contains two sets of cassettes: One was kept in weightlessness (10 -5 residual gravity, µg), whereas the other was in a 1g centrifuge (1g in-flight control). However, to save energy, the centrifuge was started only when the photon capsule was in orbit, 1.5 h after the launching. Each cassette contained four biocompatible polyethylene bags (2.2 ml). In each bag was inserted a 2 × 3 cm Thermanox plastic coverslip (Nunc, Naperville, Ill.) and an ampoule of concentrated fixative mixture (0.8 ml). IBIS also maintained the temperature at 37°C during the experiment and at 22°C after sample fixation.
Cell culture and fixation
The MCF7 cell line, derived from a human breast carcinoma (34) , was cultured at 37°C in Dulbecco's modified Eagle's medium (DMEM, Sigma-Aldrich, Saint Quentin Fallavier, France), supplemented with 10% fetal calf serum (Sigma), containing 2 mM glutamine (Sigma), 50 U/ml penicillin, 50 µg/ml streptomycin (Sigma), and 15 mM HEPES buffer (Sigma).
Twenty-two hours before launching, cells suspended in 2.2 ml of supplemented medium were deposited into duplicate bags containing a Thermanox coverslip. Bags were sealed, and cells were allowed to adhere and spread for 6 h before the cassettes were installed in IBIS in the photon capsule at the top of the launch vehicle, 16 h before launching (Fig. 1 ). Cells were fixed in 1.5% paraformaldehyde and 0.1% glutaraldehyde (final concentration) by the automatic breaking of a fixative-containing ampoule 1.5 (t 0 ), 22 (t 1 ), or 48 h (t 2 ) after launching. Time t 0 , just before the 1g in-flight centrifuge started, was selected to study the effects of launching stress; for example, vibrations and acceleration.
The 1g and µg samples were compared at times t 1 and t 2 . Because both samples had been subjected to the effects of launching stress, the differences observed between them at t 1 and t 2 can be attributed to the 22 (t 1 ) or 48 h (t 2 ) of weightlessness. At the same times, cell were plated and fixed under the same conditions under the laboratory (ground controls). Ground control and in-flight samples at times t 0 , t 1 (t 1 1g and t 1 µg), and t 2 (t 2 1g and t 2 µg) were compared after immunolabeling of different proteins, except for Ki-67, because of its antigen-retrieval particularities. In this case, only µg and 1g in-flight controls were compared.
Antibodies and fluorophores
Mouse monoclonal antibodies directed against Ki-67 (MIB-1), a nuclear protein associated with cycling-cells, and cytokeratin (pan-cytokeratin, clone KL1) were purchased from Immunotech (Marseilles, France). Mouse monoclonal antibodies directed against α-tubulin were bought from Amersham (Buckinghamshire, England) and rabbit polyclonal antibodies against PTyr were from Transduction laboratories (Lexington, Ky.). FITC-conjugated anti-mouse IgG and FITCcoupled anti-rabbit IgG antibodies were purchased from Sigma. Lissamine rhodamine (LRSC)-labeled anti-mouse IgG antibodies were from Jackson ImmunoResearch Laboratories (West Grove, Pa.). All the antibodies were diluted at 1/50.
Texas red (TR) phalloidin (Molecular Probes, Eugene, Ore.), which binds to filamentous actin, was used at 5 × 10 -4 U/µl. Chromomycin A 3 (CA 3 , Sigma), a stochiometric fluorescent antibiotic, specific of G-C rich regions of DNA, was diluted in phosphate buffer saline (PBS), pH 7.4, containing MgCl 2 (100 µM CA 3 , 150 mM MgCl 2 ).
Postflight treatments
After fixation, cells were stored at 22°C until the photon capsule returned to Earth (15 days after launching). After recovery, all fixed cells were washed in PBS for 2 h at room temperature.
Before Ki-67 could be immunolabeled, coverslips were subjected to microwave treatment in 10 mM citrate buffer (pH 6) for 3 × 1 min at 750 W. The coverslips recovered from the photon capsule were treated simultaneously. However, because microwave treatment is not strictly reproducible, ground controls were not treated with the in-flight samples. Ki-67 labeling was not compared in these two series.
Other proteins were immunolocalized after 1% Triton X-100 treatment for 30 min. Indirect immunofluorescence labelings were performed as follows: 30 min in bovine serum albumin (6 mg/ml) blocking step; incubations with the specific antibodies overnight at 4°C in a humid chamber; incubation with fluorescent FITC or LRSC antibodies at room temperature for 3 h; and incubation with TR-phalloidin, or CA 3 at room temperature for 2 h. Thermanox coverslips were then mounted in Mowiol (Calbiochem, Meudon, France).
Confocal microscopy and image acquisition
Fluorescent labelings were visualized by an MRC-600 (BioRad, Hertfordshire, U.K.) confocal scanning laser system, mounted on a Nikon microscope equipped with a Plan Apochromat immersion objective (x 60) with a high numerical aperture (NA=1.4). The excitation wavelengths (Exc.) of the multiple-line argon ion laser beam (25 mW) and the values of the emission filters (Em.) were, respectively, for LRSC, 514 nm (Exc.) and a long pass filter (Em.) (OG 550); for CA 3 , 458 nm (Exc.) and the long pass filter (Em.) (OG 550); for FITC and TR double labeling, 488 + 514 nm (Exc.) and a band pass filter (Em.) (540 DF 30); and for FITC and a long pass filter (Em.) (600 LP) for TR.
Images were acquired by using the discrete photon counting (35) of the Comos software package (BioRad, Hercules, Calif.), with a scan speed of 1 frame/s. Fast photon counting allows a sharp visualization of weak labeling, even with the highest (x, y) sampling density (11 pixels/µm).
Sampling and image analysis
Ki-67 labeling
For Ki-67 phalloidin double-labeling, confocal images of 384 × 512 pixels (pixel size = 1.2 µm) were obtained by averaging 10 frames. Eighty-three images were collected: t 0 (20 images), t 1 1g in-flight control (14 images), t 1 µg (16 images 
Cytokeratin network
For image analysis of the cytokeratin network, each 11 pixels/µm confocal image of 768 × 512 pixels and 256 gray levels was obtained by averaging 20 frames. Altogether, 79 images were collected on a focal plane between the nucleus and the substrate: ground control (10 images), t 0 (12 images), t 1 1g in-flight control (15 images), t 1 µg (13 images), t 2 1g in-flight control (17 images) and t 2 µg (12 images).
From these images, 369 smaller images (100 × 100 pixels, 83 µm 2 ) were selected in the perinuclear cytokeratin network: ground control (60 images), t 0 (62 images), t 1 1g in-flight control (64 images), t 1 µg (59 images), t 2 1g in-flight control (75 images), and t 2 µg (49 images).
A new method using image analysis was developed to characterize the filament structure (15) . It is based on two geometric levels: The mesh level gives network topology, corresponding to the properties of the set of elements, and the filament level reflects filament morphology, corresponding to the properties of the individual elements. Several features were defined to describe the networks. To study the perinuclear cytokeratin network, we selected a focal plane between the nucleus and the coverslip and we measured areas of regions surrounded by the segmented filaments (area of meshes).
All image-analysis programs were developed by using the software package AMBA, (IBSB, Berlin, Germany) run on a 650-MHz Pentium III processor.
Chromatin structure
Central sections through the nucleus were collected with a spatial resolution of 21 pixels/µm. Quantitative analysis of DNA distribution patterns was performed by using automated imageanalysis methods previously described (36) . After segmentation of the nucleus and exclusion of nucleolar regions, regions with a homogeneous DNA distribution were detected by using an edge-oriented segmentation method. The feature set describing arrangement of these regions (texture) consisted of the total sizes of regions with low and high DNA densities, compactness of the regions and the ratio of low/high DNA density regions. For each group, 17-34 nuclei were analyzed.
Statistical analyses
We used StatView software to do statistical analyses. As feature distributions do not correspond to a normal Gaussian curve, nonparametric tests (Kruskall-Wallis and Mann-Whitney U-test) were applied to compare the different in-flight experiments (t 0 , t 1 1g, t 1 µg, t 2 1g, t 2 µg) and ground controls. Statistical significance was considered to be p :KHQ ZH FRQGXFWHG PXOWLSOH comparisons, we divided the significance level (0.05) by the number of comparisons in order to decrease the type 1 error.
RESULTS
Cell spreading and proliferation
Double fluorescent labeling was used to detect simultaneously Ki-67 (nuclear antigen, found in cycling cells) and MF (TR-phalloidin) (Fig. 2) .Ki-67 positive cells (cycling cells) were recognizable by their nuclear and nucleolar staining (FITC) in interphase cells (most of them, Figs. 2a, b) or by chromatin staining in mitotic cells (arrowhead, Fig. 1b) . Non-cycling cells at the time of fixation were Ki-67 negative (star, Fig. 2b ).
TR-phalloidin staining (Figs. 2a', b' ) was used to assess cell spreading and count the total number of cells (Ki-67 positive and negative one) in each image. At time t 2 (48 h after launching), cells were more fully spread in 1g in-flight control (Fig. 2a') , than in µg (Fig. 2b') .
The fraction of cycling MCF-7 cells was calculated as the ratio of the number of Ki-67 positive cells/total number of cells (Fig. 3) . At times t 1 and t 2 , there was no significant difference between t 0 and 1g or between t 0 and µg (both at times t 1 and t 2 ).But when we compared 1g in-flight controls and µg, we found that cycling cells were significantly more numerous in µg than in 1g at time t 2 (p = 0.011) and t 1 (p = 0.046).
The number of cells in a specific phase of the cell cycle is proportional to the duration of that phase. Here, the duration of mitosis was estimated by the ratio of the number of mitotic cells/number of cycling cells (Fig. 3) . Whereas mitosis duration in 1g at both t 1 and t 2 were similar to t 0 , µg significantly prolonged it (p=0.011).
Cytoskeleton and signal transduction
MT
In our experiments, MT of the MCF-7 cell line was highly sensitive to weightlessness (Figs. 5  and 6 ). Compared with ground controls, in which MT were uniformly labeled on all the coverslips (Fig. 5a) , some clusters of MCF-7 showed modified MT, even at time t 0 , 1.5 h after the launching stress (Figs. 5b, c) . Instead of long, strongly labeled MT radiating throughout the cytoplasm, only a few filaments could be distinguished against the strong (gray) background. At the same time, labeled lamellipodia were observed in these cells (Figs. 5c, d, 6d) . This more or less diffuse labeling could correspond to either labeled free tubulin subunits or numerous but very short MT, as visualized in high magnification images (Figs. 6g, h ).
At time t 1 (22 h after launching), changes were found in 1g (Fig. 5d ) and in µg (Fig. 5f ) samples. However, cells containing long MT and clear cytoplasm were usually more numerous in 1g (Fig.  4e ) than in µg (Figs. 5f, g ). At time t 2 (48 h after launching), cells seemed to have reestablished normal MT in 1g (Figs. 6a, b, c) , but not in µg (Figs. 6d, e, f, g, h) . Differences were clearly seen in isolated cells (Fig. 6c vs. Fig. 6f) . However, some cell clusters contained diffusely labeled MT in µg and in 1g controls (Fig. 6b) . Furthermore, labeling patterns of neighboring cells showed diffuse or well-polymerized MT (Fig. 6h, left) , whereas MF were well organized in both cell types, as demonstrated by TR-phalloidin staining (Fig. 6h, right) . Thus, MT alterations could not be attributed to technically faulty cell fixation.
At high magnification (Fig. 6g) , fluorescent spots-close to the limit of the light microscope resolution and sometimes aligned over about 2 µm-were seen at the cell periphery, where the cytoplasm is very thin (2-or 3-µm thick). These observations could suggest the existence of short MT, with no preferential orientation, and some seemed to be perpendicular to the substratum. This observation was in contrast to the preferential orientation toward the cell periphery and parallel to the coverslip, obvious in the ground control (Fig. 5a ) and 1g in-flight control (Fig. 6c) at the cell boundary.
IF: cytokeratins
In the ground control (Fig. 7a) , cytokeratin networks presented characteristic patterns depending on their intracellular localization. In particular, the network around the nucleus generated a constant pattern, previously described as 'alveolar' (15) . It was clearly recognizable in ground control (Fig. 7a) and at time t 0 (Fig. 7b) .
When confocal sections were focused through the middle of the nuclei (Fig. 7) , cytokeratin networks were clearly observed in the 1g in-flight control (Figs. 7c, d ) and in µg (Figs. 7e, f) , at all the times studied (t 0 , t 1 , t 2 ). Butsometimes unusual patterns were seen in µg (Fig. 7g) at time t 2 .
When focal sections were focused between the nucleus and the substrate (Fig. 8) , in high magnification images, the cytokeratin networks beneath the nuclei generated the alveolar pattern seen in the ground control (Fig. 8a) . The meshes of the network were often looser in µg (Figs. 8d, f) than in 1g in-flight control (Figs. 8c, e) mainly at time t 2 (Figs. 8e, f) .
Quantitative image analysis of the meshes in these network (Fig. 9) showed that this pattern was significantly altered after 48 h of culture in µg (t 2 1g vs. t 2 µg, p=0.004).
MF and signal transduction (PTyr)
Double-labeling (TR-phalloidin for MF and FITC for PTyr) showed that actin stress fibers were slightly more abundant in 1g in-flight control than in µg conditions (Figs. 10a', b' ). In addition, in µg, PTyr labeling at the end of stress fibers seen at the cell periphery was reduced. Rather, it appeared to be concentrated in small bright spots in the cytoplasm, compared with 1g (Fig. 10b  vs. Fig. 10a ).
Chromatin structure
Chromatin distribution (excluding nucleoli) was denser in 1g in-flight control (Fig. 11a ) than in µg (Fig. 11b) , mainly after 48 h of culture. Quantitative image analysis (Fig. 11c) showed that areas of low chromatin density were larger and more numerous in µg. Statistical analysis (Kruskal-Wallis test) of the ratio of the areas of low/high chromatin density (L/H ratio) demonstrated significant differences between the groups (p=0.0001). The L/H ratio was significantly lower (Mann-Whitney U-test) t 1 1g than t 1 µg (p=0.003). In 1g in-flight controls, t 2 was significantly lower than t 1 (p=0.001). In contrast, the L/H ratio increased in µg significantly between t 1 and t 2 (p=0.001). When comparing 1g with µg, the differences were also significant (p=0.003 at t 1 , p=0.001 at t 2 ). Thus, µg induced the chromatin distribution to evolve in opposite ways between 22 and 48 h of culture.
DISCUSSION
If physical characteristics of the cell environment guide cell physiology (proliferation or differentiation), weightlessness (abbreviated by µg) could alter the relationships between cell structure and function. Actually, in our weightlessness experiments, MCF-7 human mammary carcinoma cell line presented several functional and structural alterations.
First, immunofluorescent labeling of Ki-67 confirmed that cell cycling was altered under weightlessness conditions. Ki-67 is a nuclear protein widely used as a marker of cell proliferation. It is thought that Ki-67 is expressed in all cycling cells but not in resting cells (37, 38) . Labeling patterns vary according to the cell-cycle phase and, during mitosis, Ki-67 labeling underline the chromosomes (Figs. 2a, b) . Our results also showed that the increase of cycling cells in weightlessness is due to the prolongation of mitosis. As several cells in anaphase were still observed (Fig. 2, arrowhead) , we can hypothesize that the cell cycle would be blocked only partially in G 2 M.
Our observations agree with the Jurkat cell-line results obtained by Lewis et al., who used flow cytometry to demonstrate a blockade of the cell cycle in G 2 M (29). Thus, there appear to be no difference between adherent (MCF-7) and free-floating (Jurkat) cells: in both cases, weightlessness led to lower cell proliferation. Moreover, in weightlessness, normal T lymphocytes did not proceed through the S and G 2 +M phases of the cell cycle, as demonstrated by the quasi-null thymidine incorporation and decreased cell mobility (19, 39) . Therefore, cellcycle phase affected by a weightlessness blockade would depend on the cell type studied.
The longer MCF-7 mitosis duration could be explained by the alteration of MT in weightlessness. However, MT changes differed depending on the cell type. Lewis et al. reported that Jurkat cell MT were shortened and that MT organizing centers (MTOCs) were poorly defined. In our experiment, MT modifications were heterogeneously distributed throughout the MCF-7 population. In these cells, MT were short and not clearly distinguishable from the strong background. As for Jurkat cells, MCF-7 MT alterations were observed after launching and their normal organization was reestablished 48 h later in 1g in-flight controls. In MCF-7 cells, however, altered MT persisted in some cell clusters. This finding suggests that their dynamics were affected by weightlessness, in agreement with in vitro experiments reported by Tabony and co-workers (32, 33): Self-organization of MT into stationary macroscopic patterns is gravitydependent, and the patterns correspond to different MT orientations. The resulting patterns reflect what happens during a critical period of 6 min after the onset of MT assembly. In our experiment, cells were subjected to 5g for 5 min (launching), then to weightlessness for 1.5 h before the 1g centrifuge was started (t 0 ). As MT turnover is 10-fold faster during mitosis compared with interphase (reviewed in (40)), alteration of MT assembly processes is particularly crucial during cell division. This faster MT turnover corresponds to density fluctuations of free tubulin subunits, and represents a window during which the system can interact with gravity (32) . Cells in mitosis before the 1g centrifuge started were submitted to launching stress and 1.5 h of weightlessness (t 0 ), and their MT were altered. Thus, each time a cell enters into mitosis under weightlessness, MT abnormalities result. As daughter cells often form clusters, the number of clusters containing modified MT increases with the time spent in weightlessness.
Moreover, fluorescent spots and short lines, distinguishable in MCF-7 cytoplasm at higher magnification (Fig. 6g) , would suggest the existence of short MT, in addition to free tubulin subunits, in accordance with pictures previously published by Waterman-Storer et al. (41) .
We could postulate that, in weightlessness, these short MT had lost the preferential orientation toward the cell periphery and in parallel to the substrate seen in 1g (Fig. 6c) . They could even be orientated perpendicular to the coverslip (Fig. 6g) . This hypothesis could be in agreement with Tabony's in vitro experiments. In addition, MCF-7 cells usually contain more than one MTOCs and micronuclei, which would correspond to the centrosome amplification, defective G 2 M cellcycle checkpoint and micronuclei, previously described in breast cancer with BRCA1 and BRCA2 mutants (42, 43) . Thus, the presence of multiple points of MT nucleation would render MCF-7 cells particularly sensitive to weightlessness.
On the one hand, unlike Jurkat cells (29, 44) , DNA condensation, characteristic of apoptosis, has not been detected under our experimental conditions, but may simply not have occurred at the times studied. On the other hand, even though we did not perform a quantitative analysis, our results show that MCF-7 cells spread less well in weightlessness than 1g. At the same time, but to a lesser extent, MF organization into stress fibers and PTyr signal transductions from focal contacts seemed lower. Although our results concern only PTyr immunolocalizations, they are in agreement with the decreased proliferation signal transduction under weightlessness, as previously described for other epithelial cells (22, 23) .
Several patterns of cytokeratin networks have been described in MCF-7 cells, depending on their intracellular localization (15) . Our hypothesis was that architectural variations would depend on local tension or forces, in agreement with the tensegrity paradigm of Ingber (11) . Quantitative image analysis procedures were previously developed to define several features characterizing the different patterns of cytokeratin filament networks (15, 17, 18) . One of them, the perinuclear network pattern, is particularly constant on earth. It forms regular alveoli and the areas of these meshes were characterized by quantitative image analysis. Although other weightlessness cytoplasmic patterns were similar to those observed on Earth or in the 1g in-flight control, except for some isolated cells (Fig. 7) , the perinuclear network was significantly more loosely woven, especially after 48 h of culture in weightlessness ( Fig. 8f and Fig. 9 ). The latter findings, in association with the less extensive cell spreading, would be consistent with the basic predictions of cellular tensegrity (11, 12) , particularly the role of perinuclear cytokeratin network ( Fig. 8 and Fig. 9 ) in mediating the transfer of mechanical signals from the cell surface to the nucleus (16, 45) .
According to this tensegrity hypothesis, weightlessness might induce modifications in nuclear architecture and gene expression (8) . In our experiment, quantitative analysis of chromatin structure showed that, after 48 h, weightlessness had modified DNA distribution in interphase cells. Chromatin modifications may have two effects on cell physiology: (i) gene expression and cell differentiation, subsequent to modification of nuclear organization (7, 9) ; and (ii) cell proliferation, following decreased mechanical signaling mediated by the cytokeratin network (16) .
We summarized in Figure 12 several mechanisms that could be involved in the effect of weightlessness on cell physiology. Weightlessness could interact directly on reaction-diffusion processes and alter MT self-organization and orientation, as suggested by high-magnification images (Fig. 6g) . The construction of the mitotic spindle could be disturbed by this mechanism. Consequently, under weightlessness, mitosis duration was prolonged and cell cycling slowed. The latter was also slowed by the concomitant decrease of signal transduction cascade. Both mechanisms result in decreased cell proliferation. Or the less-extensive cell spreading could lead to the loosening of the tensegrity structure, corresponding, in our experiment, to the looser perinuclear cytokeratin network. This relaxation would in turn induce modifications of the nuclear chromatin distribution. As the regulation of gene activity would depend on the 3D architecture of the nucleus, cell differentiation, and perhaps also cell proliferation, would be affected in weightlessness.
In conclusion, our observations support the hypothesis that the two mechanisms (reactiondiffusion processes and tensegrity) could be simultaneously affected by weightlessness. Such weightlessness experiments would offer a unique opportunity to verify whether it could be possible to direct a cell's physiology by modifying its morphology. clearly visible in all MCF-7 cells, radiating throughout the cytoplasm from the perinuclear area toward the cell periphery. 5b and 5c = t 0 (cell fixation 1.5 h after launching). In most of the cells, MT are well preserved (4b), but some cell clusters show altered MT and labeled lamellipodia (4c). 5d and 5e = t 1 1g (1g in-flight control, cell fixation 22 h after launching). Some cell clusters still show altered MT (5d), whereas others do not (5e). 5f and 5g = t 1 µg (µg, cell fixation 22 h after launching). Depending on the cell cluster, MT are well preserved in interphase cells and in mitotic cells (5g) or indistinguishable (5f).
Fig. 6
Figure 6. Visualization of α-tubulin in MCF-7 cells. Scale bar is 10 µm. 6a, 6b, 6c = t 2 1g (1g in-flight control, cell fixation 48 h after launching). 6d, 6e, 6f, 6g, 6h = t 2 µg (µg, cell fixation 48 h after launching). 6a -6g: α-tubulin alone. 6h: double labeling of α-tubulin (left, FITC) and MF (right, Texas red phalloidin). In g, MT often give a diffuse labeling pattern compared with 1g in-flight controls (6c, 1g versus 6f, µg). In 1g (6c), long MT are oriented parallel to the substratum. In µg (6g), short MT seem to have a no-preferential orientation, or appear to be perpendicular to the substrate. Some clusters of in 1g in-flight controls cells still contain diffuse MT (6b), as in µg. In addition, labeling patterns in neighboring cells (6h) show diffuse or well polymerized MT, whereas MF are well organized in both cell types (right). Thus the diffuse MT organization cannot be explained by faulty cell fixation. At higher magnification (6g), fluorescent spots, sometimes arranged in a line about 2 µm long at the cell periphery are suggestive of the existence of short MT. Focal sections were focused through the middle of nuclei. 7a = ground control, 48 h of culture. Cytokeratin networks have characteristic patterns depending on their intracellular localization. 7b = t 0 (cell fixation 1.5 h after launching). 7c = t 1 1g (1g in-flight control, cell fixation 22 h after launching). 7d = t 2 1g (1g in-flight control, cell fixation 48 h after launching). 7e = t 1 µg (µg, cell fixation 22 h after launching). 7f and 7g = t 2 µg (µg, cell fixation 48 h after launching). The cytoplasmic cytokeratin network is similar in the ground control (7a), t 0 (7b), 1g in-flight control (7c, 7d) and in µg (7e, 7f), except for some isolated cells (7g). focused between the nucleus and the substrate. 8a = ground control, 48 h of culture. 8b = t 0 (cell fixation 1.5 h after launching). 8c = t 1 1g (1g in-flight control, cell fixation 22 h after launching). 8d = t 1 µg (µg, cell fixation 22 h after launching). 8e = t 2 1g (1g in-flight control, cell fixation 48 h after launching). 8f = t 2 µg (µg, cell fixation 48 h after launching). The meshes of cytokeratin network are looser in µg than in ground control, t 0 or 1g in-flight control. 11a = 1g in-flight control (t 2 ). 11b = µg (t 2 ). Scale bar is 10 µm. DNA staining is more dense in the 1g in-flight control than in µg: areas of low chromatin density (excluding nucleoli) are less numerous and areas of high chromatin density more numerous in 1g in-flight control than in g. 11c = quantitative analysis of the ratio of low/high chromatin density areas (L/H), (a.u. = arbitrary units). No significant difference is observed between t 0 and t 1 1g. In 1g in-flight controls, L/H decreases significantly between t 1 and t 2 , whereas it increases significantly between t 1 and t 2 in µg. Comparing L/H between 1g and µg, differences are significant (stars) at time t 1 and t 2 . Thus, areas of low chromatin density increase after 48 h of culture in g, like the cytokeratin perinuclear network. 
